It has been reported that high-resolution susceptibility-weighted imaging (HR-SWI) is a promising tool for assessing brain tumor characterization noninvasively. The purpose of this study was to determine the added value and diagnostic performance of HR-SWI for differentiating solitary enhancing brain lesions (SELs) by assessing intratumoral susceptibility signals (ITSSs).
H
igh-resolution susceptibility-weighted imaging (HR-SWI) uses the blood oxygenation levelϪdependent (BOLD)-induced phase difference between venous blood and the surrounding brain tissue. [1] [2] [3] Moreover, HR-SWI was recently reported as being able to demonstrate the magnetic susceptibility differences of various tissues and to increase the sensitivity to the susceptibility effect of microvenous structures and blood products. [1] [2] [3] Therefore, this novel imaging technique can be used for noninvasive visualization of normal or pathologic vascular structures that are not visible on conventional MR imaging. 4 HR-SWI has been applied mainly in the assessment of various vascular and hemorrhagic brain disorders, such as arteriovenous malformations, occult low-flow vascular lesions, and cavernous malformations. [4] [5] [6] However, the clinical application of HR-SWI with a 1.5T MR imaging scanner has been limited by long acquisition times that are related to the relatively long TEs required for the BOLD-induced phase effect. Recently, the development of 3T MR imaging scanners and the use of a parallel imaging technique have allowed increasing the speed, coverage, and signal intensity-to-noise ratio of MR imaging. Therefore, HR-SWI is now available for the routine examination of patients with various brain disorders to obtain both high spatial resolution and a reasonable acquisition time.
Previous reports showed the added value of HR-SWI in brain tumor imaging compared with conventional MR imaging. [7] [8] [9] Sehgal et al 7 reported that SWI should prove useful for tumor characterization because of its ability to highlight blood products and venous vasculature better and to reveal new internal architecture. Pinker et al 9 proposed that because the intralesional susceptibility signals as depicted on HR-SWI are correlated with tumor grade as determined by a positronemission tomography (PET) study and histopathology, the use of these images seems to be promising for noninvasive glioma grading.
As shown by the previous report, 7 HR-SWI was much more sensitive for showing blood products, calcifications, and venous vasculature, which usually appeared as low-signal-intensity structures on HR-SWI. These low-signal-intensity structures detected on HR-SWI may not be obvious on conventional MR imaging but could be useful in tumor characterization, tumor grading, or diagnosis of specific tumor type. 7 We hypothesized that these intratumoral low-signal-intensity structures detected on HR-SWI may provide additional information in the differential diagnosis of solitary enhancing lesions (SELs) detected on conventional MR imaging. Differentiation of SELs, such as high-grade glioma versus solitary metastasis or lymphoma, by MR imaging remains an important clinical problem. However, the sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of conventional MR imaging for the differential diagnosis of SELs are relatively low. [10] [11] [12] The purpose of this study was to determine the benefit of using adjunctive HR-SWIs for differentiating SELs by assessing intratumoral susceptibility signals (ITSSs).
Materials and Methods

Study Patients
Between May 2006 and November 2008, data in 64 consecutive patients with intra-axial SELs who met the inclusion criteria for this study were retrospectively reviewed from our data base. Inclusion criteria were the following: 1) Patients were referred for preoperative or pretreatment assessment of SELs detected on conventional MR images, and 2) they underwent both conventional MR imaging and HR-SWI. There were 28 male and 36 female patients, and the ages of patients ranged from 19 to 76 years, with a mean of 43 years. An experienced neuropathologist performed the histopathologic evaluation. All tumors were pathologically proved by means of either stereotactic resection (n ϭ 45) or stereotactically guided biopsy (n ϭ 19) and were classified in accordance with the revised WHO system of brain tumors. 13 The 
Image Analysis
Our major imaging analyses were qualitative and semiquantitative. The purpose of the qualitative analysis was to assess the added value of HR-SWI to conventional MR imaging alone and the semiquantitative analysis focused on the diagnostic performance of HR-SWI in the differential diagnosis of SELs. The qualitative analysis was performed with the retrospective review with reviewers blinded to clinical and histopathologic findings and focused on the presence or absence of ITSS in each histopathologic type of SEL. The semiquantitative analysis was performed by using a receiver operating characteristic (ROC) curve to assess the sensitivity, specificity, PPV, and NPV of ITSS grade in each histopathologic type of SEL.
To assess the benefit of the use of HR-SWI for the qualitative differentiation of SELs, each of two observers reviewed the MR images of 64 SELs twice. Two review sessions were spaced 4 weeks apart to avoid recall bias. In the first review, the observers were given conventional MR images only, including T2-weighted images, T1-weighted images, diffusion-weighted images with an apparent diffusion coefficient, conventional gradient-echo images (T2*-weighted), and contrast-enhanced T1-weighted images. For the qualitative analyses, the 2 observers independently categorized the SELs as tumors and nontumorous lesions and then subcategorized the tumors into highgrade gliomas, metastatic tumors, and lymphomas. As a last step, the observers tried to make a histopathologic diagnosis of tumor type on the basis of conventional MR imaging findings. A final decision was achieved by consensus. Because this study was planned to be reviewed retrospectively for pathologically proved SELs, the final consensus reading was done within the following 6 categories: GBM, anaplastic astrocytoma, metastatic tumor, lymphoma, tumefactive MS, and inflammatory granuloma. In the second review, the observers were given conventional MR images and HR-SWIs. The step of qualitative analyses in the second review was the same as that with the first review. The final imaging diagnoses of the second review sessions were obtained on the basis of conventional MR imaging findings and the presence of ITSS on HR-SWI.
For qualitative imaging analysis for the SELs on conventional MR images, interpretation was based on 8 criteria: contrast material enhancement, border definition, mass effect, signal-intensity heterogeneity, hemorrhage, necrosis, degree of edema, and involvement of the corpus callosum or crossing the midline. 16, 17 Apparent diffusion coefficients, which are partly related to tumor cellularity, were also assessed. Necrotic components were differentiated as seen on contrastenhanced T1-weighted images as the interior of enhanced lesions. Hemorrhagic lesions were differentiated as seen on unenhanced T1-weighted MR images as areas of hyperintensity and as seen on conventional gradient-echo images as areas of low signal intensity. For qualitative imaging analysis for the SELs on HR-SWIs, an ITSS was defined with following criteria: 1) low-signal-intensity fine linear or dotlike structures, which are not obvious on conventional MR images, with or without conglomeration within a tumor as depicted on HR-SWIs. 2) Attenuated or granular susceptibility low signals, which can be easily detected on conventional MR imaging, were excluded because these findings were not additional information on HR-SWI.
3) Fuzzy or diffuse low signals were excluded because the quantification of these findings could be subjective. For semiquantitative analysis, the degree of ITSS was divided into 3 grades (Fig 1) : Grade 1 was defined as no ITSS, grade 2 was defined as 1-10 dotlike or fine linear ITSSs, and grade 3 was defined as Ն11 dotlike or fine linear ITSSs within a tumor. We also assessed the level of interobserver variability of the ITSS grading. The sensitivity, specificity, PPV, and NPV of the ITSSs were calculated according to the correct diagnoses of the SELs.
Statistical Analysis
The McNemar test was used to assess the added value of HR-SWI to conventional MR imaging in the qualitative histopathologic diagnoses of SELs. An intraclass correlation coefficient (ICC) was used to determine the levels of interobserver variability in the semiquantitative grading of ITSS. ROC curve analyses were performed to determine optimum thresholds and diagnostic accuracy of ITSS for differentiating SELs. This analysis permitted the determination of the sensitivity, specificity, PPV, and NPV associated with ITSS as a func-tion of the threshold value used to differentiate SELs correctly. We analyzed the McNemar test and ICC by using the Statistical Package for the Social Sciences (Version 13.0; SPSS, Chicago, Ill) and the ROC curve by using the MedCalc for Windows (MedCalc Software, Mariakerke, Belgium). All P values were 2-tailed with .05 as the criterion for statistical significance.
Results
Qualitative Analysis: Added Value of HR-SWI to Conventional MR Imaging Alone
The additional acquisition time for HR-SWI was 4 minutes 2 seconds. ITSSs were seen in all 25 GBMs (100%), in 2 (40%) of 5 anaplastic astrocytomas, and in 11 (73%) of 15 metastatic tumors. No evidence of ITSSs was detected in lymphomas or nontumorous lesions. Table 1 shows the incidence of ITSSs in each pathologic type of SEL. The 2 observers diagnosed accurate tumor pathology within 6 categories (GBM, anaplastic astrocytoma, metastatic tumor, lymphoma, tumefactive MS, and inflammatory granuloma) in 43 (67%) of 64 SELs after reviewing the conventional MR images alone and in 50 (78%) of 64 SELs after reviewing both the conventional MR images and the HR-SWIs. The McNemar test showed that the difference in overall diagnostic accuracy of conventional MR imaging versus adjunctive HR-SWI was statistically significant (P ϭ .016). In the qualitative analyses for histopathologic diagnoses of SELs, conventional MR imaging without HR-SWI produced 7 more false-negative studies than conventional MR imaging with HR-SWI (4 in metastasis and 3 in lymphoma, respectively). In these patients, the lack of ITSS on HR-SWI provided additional information in the imaging diagnosis of metastasis and lymphoma.
Semiquantitative Analysis: Diagnostic Performance of ITSSs for SELs
In the semiquantitative measurement of the ITSS degree, the interobserver agreement between the 2 reviewers was excellent (ICC ϭ 0.952). The ITSSs were not able to differentiate GBMs and metastatic tumors (P ϭ .062, Table 2 ). In contrast, for a high-grade ITSS (grade 3), the differentiation between GBMs and metastatic tumors was significant, with a sensitivity of 84.0% and a specificity of 60.0% (P ϭ .012, Figs 2 and 3) . The ITSSs were able to differentiate high-grade gliomas and lymphomas with a sensitivity of 86.7% and a specificity of 100.0% (P Ͻ .0001, Table 2 and Figs 2 and 4) . The differentiation between high-grade gliomas and nontumorous lesions (tumefactive MS and inflammatory granulomas) was also significant by using HR-SWI (Fig 5) . The sensitivity, specificity, PPV, and NPV for the differentiation of SELs with the semiquantitative analysis of ITSSs are shown in Table 2 .
From ROC curve analyses, grade 3 ITSSs provided a specificity of 84.6% for differentiating between GBMs and other SELs (Table 3 and Fig 6) . The area under the curve of the ITSSs was 0.650 (95% confidence interval [CI], 0.493-0.786) for differentiating high-grade gliomas and metastatic tumors, 0.933 (95% CI, 0.800 -0.988) for differentiating high-grade gliomas and lymphomas, and 0.933 (95% CI, 0.811-0.986) for differentiating high-grade gliomas and nontumorous lesions.
Discussion
In this study, we found that using ITSSs benefited the differential diagnosis of SELs compared with using conventional MR images only. In 3 cases of lymphomas, initial imaging diagnoses based only on conventional MR imaging findings were GBMs. However, the lack of ITSS on HR-SWI provided additional information in the imaging diagnosis of lym- phoma. We believe that the lack of ITSS in lymphomas could be attributed to the fact that microhemorrhage or calcification is rare in primary central nervous system (CNS) lymphoma. Although there is little knowledge about the relationship between primary CNS lymphoma and tumor angiogenesis, a previous report showed how a relative cerebral blood volume (rCBV) value compared with high grade glioma. 18 One of the most striking histopathologic features of primary CNS lymphoma is the angiocentric growth pattern and widening of the perivascular space. Neovascularization is not a prominent feature in lymphoma. 18 This pathologic background can explain rarely visible ITSS in primary CNS lymphoma. Four patients with solitary metastatic tumors showing grade 1 ITSSs were initially diagnosed as having GBMs on the basis of conventional imaging alone; however, the diagnoses by using conventional imaging with adjunctive HR-SWI were metastases with the help of the lack of ITSS.
In the semiquantitative analyses, by using an ITSS grade, the differentiation between high-grade gliomas and solitary metastatic tumors was not significant. However, metastatic tumors had a significantly lower ITSS grade than GBMs. With a high degree of ITSS (grade 3), distinguishing between GBMs and solitary metastatic tumors was possible. Moreover, from the ROC curve analyses, a grade 3 ITSS provided a specificity of 84.6% for differentiating GBMs and other SELs. Because differences in the ITSS degree between GBMs and metastatic tumors may have clinical implications, further study is warranted to elucidate the pathophysiologic basis of these differences and to determine their relevance to diagnosis and treatment. The ITSSs as seen on HR-SWIs could distinguish highgrade gliomas from lymphomas and nontumorous lesions, with a specificity of 100%. In our cases, ITSSs were never seen in lymphomas or nontumorous lesions, including tumefactive MS and inflammatory granulomas. Although rich microvasculature can be a common pathologic finding of inflammatory granulomas, in our experience, the HR-SWI findings of inflammatory granulomas showed a morphologic pattern of diffuse and fuzzy low signal intensities different from ITSSs defined in the present study. We did not define these fuzzy or diffuse low signals as ITSSs because these findings could be subjective and the measurement of their degree is difficult. The lack of ITSS in tumefactive MS could be attributed to the rarity of microhemorrhage, calcification, and vascularity.
As shown by the previous report, 7 HR-SWI was much more sensitive for showing blood products, calcifications, and venous vasculature, which may not be obvious on conventional MR images. However, they could be useful in tumor characterization. Sehgal et al 7 showed the added value of HR-SWI in brain tumor characterization compared with conventional MR imaging because of its ability to highlight blood products and venous vasculature better. On the other hand, high-grade gliomas contain a relatively large amount of deoxyhemoglobin, which is probably related to angiogenesis and an increased tumor blood supply, and this can generate susceptibility effects and cause signal-intensity loss. 9 Moreover, intralesional susceptibility effects have been reported to cor- relate with tumor grade, as determined by PET and histopathology. 9 Mittal et al 19 proposed that high rCBV values on perfusion imaging in tumors go hand in hand with evidence of blood products detected within the tumor matrix on HR-SWI. In this study, conglomerates of dots or fine linear ITSSs were seen more frequently in GBMs than in other SELs, demonstrating the potential complementary value of using ITSSs as seen on HR-SWI for diagnosing brain tumors.
One limitation of our study was the uneven distribution of tumor pathologies in the analysis. Our study included relatively few anaplastic astrocytomas (WHO grade III) and lymphomas. For practical purposes, we grouped patients with anaplastic astrocytomas and GBMs together in the major analysis. However, the relatively small sample size of anaplastic astrocytomas compared with GBMs might lead to an overestimation of the specificity and PPV for differentiating highgrade gliomas and other SELs. Furthermore, a limited variety of metastases was studied. Most of the metastatic tumor pathologies in the present study were lung cancer. The possibility remains that metastases of different histopathologic origins can exhibit different degrees of ITSS.
Further studies with a larger population and even distribution of tumor pathologies are necessary to validate the utility of HR-SWI for differentiating each SEL. Another limitation was the lack of guidelines or references for the morphologic classification of ITSSs. However, the morphologic classification of ITSS was not a major focus of this study and did not affect the final imaging diagnosis. In our experience, the fine linear and dotlike ITSSs, which were not obvious on conventional MR imaging, were most frequently seen in GBMs. On the other hand, other attenuated or granular low-signal-intensity structures were also seen on conventional MR imaging. Therefore, we did not define these attenuated or granular low signal intensity structures as ITSSs because we focused on the added value of HR-SWI.
The direct radiologic-pathologic correlation was not obtained in this study. As proposed by the report of Sehgal et al, 7 this correlation is challenging because blood products may have resulted from intraprocedural hemorrhage and the pathology reports of our institution also mainly focused on vascular hyperplasia and necrosis. Moreover, the direct pathologic correlation was not a major focus of this study. We focused on the difference in the degree of ITSS among SELs irrespective of ITSS pathology.
Conclusions
The use of ITSSs provides a benefit for the differential diagnosis of SELs compared with the use of conventional MR imaging alone. A high-grade ITSS may help distinguish GBMs from solitary metastatic brain tumors. The lack of ITSS can be a specific sign in the imaging diagnosis of lymphomas or nontumorous lesions. The sensitivity, specificity, PPV, and NPV for differentiating GBMs and other SELs by using high-grade ITSSs (grade 3) are 84.0, 84.6, 77.8, and 89.2%, respectively.
